1. Introduction {#sec1}
===============

Over the last 50 years, the formation of interstellar anions and their likely detection have been an important topic for the astrochemistry community, starting with Dalgarno and McCray^[@ref1]^ who for the first time explored the role of anions, specifically H^--^, O^--^, C^--^, CH^--^, C~2~H^--^, CN^--^, and S^--^, in the formation of simple molecules in interstellar clouds. They concluded at the time that interstellar anions were scarce and their contribution to the formation of other molecular species would not be very significant. These results were attributed to the relatively slow rate of formation found from their modeling of radiative electron attachment (REA): ≈10^--15^ cm^3^ s^--1^ molecule^--1^ was in fact the average value found by their early calculations. However, a few years later, based on a simple statistical model, Herbst^[@ref2]^ suggested that anions could be efficiently formed in dense interstellar clouds. He showed from his own modeling that for large neutral species with large electron affinity (EA; C~4~H, C~3~N, C~5~N, C~9~N, etc.), the radiative attachment rate could be near to the collision limit ≈ 10^--7^ cm^3^ s^--1^ molecule^--1^. One of the most relevant results of this work was the prediction of an anion-to-neutral ratio between 1 and 10%, which was later corroborated by new astronomical observations. Further calculations with a more sophisticated scattering model were carried out in our group^[@ref3]^ and found the REA rates for C-rich chains, albeit smaller than those found earlier by Herbst, to be ≈10^--9^ cm^3^ s^--1^ molecule^--1^. Finally, the definite observational proof that anions could exist in interstellar medium (ISM) came in 2006, when McCarthy et al.^[@ref4]^ detected for the first time C~6~H^--^ in the circumstellar envelope IRC+10216 and the dark cloud TMC-1. The anion-to-neutral ratios were in an agreement with the early predictions of Herbst, 1--5% for IRC+10216 and 2.5% for TMC-1, thus supporting the hypothesis that anions could be efficiently synthesized in the ISM by REA or by some other chemical route. The detection of C~6~H^--^ led to the subsequent detection of five other anions, namely, C~4~H^--^, C~8~H^--^, CN^--^, C~3~N^--^, and C~5~N^--^, in a variety of interstellar sources.^[@ref5]−[@ref9]^ These observations gave rise quickly to new chemical modeling for the interstellar sources where the anions had been detected as well as of other likely sources of anionic molecules.^[@ref10]−[@ref12]^ These models yielded anion-to-neutral ratios that were reasonably successful at reproducing observations for the largest anions (C~6~H^--^, C~8~H^--^, and C~7~N^--^) and less successful for smallest anions (CN^--^, C~4~H^--^, and C~3~N^--^), leading to the preliminary conclusion that RA processes would be markedly less efficient for molecules with few degrees of freedom. Further experimental studies carried out earlier in our group^[@ref13],[@ref14]^ on the efficiency of photodetachment mechanisms for the destruction of C-bearing and N-bearing molecular anions have provided clear evidence on the likely importance of starlight in driving their destructions outside chemical networks. Furthermore, the extended investigations of possible mechanisms of formation involving chemical reactions with other, simpler and reasonably abundant atomic species such as H, O, N, and C, have provided additional laboratory data on chemical processes, which could play a role in the formation of a variety of smaller anions, some of them different from those of the earlier observations but still often predicted to be at border-line values of observable column densities.^[@ref12],[@ref15],[@ref16]^

A case in point is that of the formation of CH^--^ from an initial neutral--ion reaction of CH~2~ with H^--^, which will be the main object of study in the present work. Methylene, CH~2~, as the prototypical carbene, is one of the most studied of all reactive intermediates, while the chemistry of its anion, CH~2~^--^ is still almost completely unknown. Early spectroscopic work established the existence of two low lying electronic states: the ground X^3^B~1~ state and the excited a^1^A~1~ state. Subsequent spectroscopic studies of the visible electronic band system b^1^B~1~ ← a^1^A~1~ lead to an accurate characterization of the molecule in the a^1^A~1~ state, but for many years, the ground state structure was uncertain.^[@ref17],[@ref18]^

The astrochemical models dealing with anions in experiments at room temperature^[@ref19],[@ref20]^ included the expected formation of C~2~H^--^ from reactions with e^--^ with several C-rich molecules but never were able to produce or observe CH^--^ among the anionic products. As a matter of fact, the product CH^--^ has been considered as a possible reaction intermediate^[@ref19]^ but never actually observed or produced in laboratory reactions at room temperature. It thus appears that the abundance of CH^--^ in cold clouds is likely to be very small,^[@ref19],[@ref20]^ while the presence of CH~2~ has been found in the atmosphere of Titan, where CH~2~^--^ has also been found as a anionic partner.^[@ref21]^ These observations and modeling of the anion chemistry in the outer atmosphere of Titan, Saturn's largest moon, are thus indicating that with the additional suggestion of the possible presence of the H^--^ partner as an anion,^[@ref21]^ it stands to reason to investigate the possible efficiency of the latter neutral radical to form the yet unobserved CH^--^ species through an ionic chemical reaction that could easily be another component to be employed in the chemical network for that atmosphere.

In the present study, we therefore shall make a close observation from computational methods of the general structural features of this simple reaction and then decide from our finding what would be the most realistic model to employ to obtain the reaction rates, which may be in turn included in more extended evolutionary simulations of molecular abundances in diffuse molecular clouds^[@ref22]^ or, even more realistically, to describe their role on the chemistry of Titan's atmosphere.^[@ref21]^ The first details from calculations will be of course those that can help us to establish the general energetics of the present reactionin order to define more specifically, and as realistically as possible, its enthalpy features via a vis those discussed in the general literature.^[@ref23]−[@ref25]^ The following section will therefore present the details of the calculations and shall start to outline the possible mechanism for the formation of CH^--^ from [reaction [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.

It is also interesting to note that a competing destruction mechanism could also be considered for the reaction abovewhich describes the formation of another neutral molecule, the methyl radical, through an associative detachment mechanism. The latter reaction has an estimated exothermicity of around 3.0 eV and has only been considered in earlier chemical models through its standard Langevin rate coefficients^[@ref26]^ which were estimated to be around ≈10^--9^ cm^3^ s^--1^ molecule^--1^, so very little is actually known about its structural details. It will not be further considered in the present work, which will mainly focus on the chemical mechanism of [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.

2. Computational Details {#sec2}
========================

Calculations were carried out with different choices of post-Hartree--Fock ab initio methods. Initial analysis dealt with all of the molecular species involved to be fully optimized using the coupled-cluster method with full treatment of singles and doubles and an iterative treatment of triples: CCSD(T) as implemented in the MOLPRO suite of codes.^[@ref27]^ The basis set is chosen to be aug-cc-pVTZ for the reasons explained below in the data of [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The zero-point-energy (ZPE) corrections were included in all of the calculations. The evaluation of the potential energy curves and surfaces was carried out with the same method and basis set, but using restricted optimizations in order to follow in turn several and different possible reaction paths. The details of these optimizations are given in the discussion below for each set of calculations. The calculations were also carried out with the density functional theory (DFT), employing the B3LYP/6--311++G\*\* expansion level, as described in the Gaussian set of codes,^[@ref28]^ to generate the dense grid of points required by the calculations of the reaction rates within the variational transition state (TS) theory (VTST) approach (see further details below). The results from the present CCSD(T) calculations are reported by the data detailed in the columns of [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. We shall further discuss later the outcomes from DFT calculations, which have to be used for the VTST reaction rates (see below) as they are also providing rather good accord with the results listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. We would also like to point out here that the DFT results are not used to evaluate energy positions \[data obtained instead via the more accurate CCSD(T) methods\] but only to give the complex's geometries and vibrational frequencies for the partition functions as described in the next section.

###### Computed CCSD(T) Energetics of the Involved Reactants and Expected Products[a](#t1fn1){ref-type="table-fn"}

              aug-cc-pVTZ   aug-cc-pVQZ                 
  ----------- ------------- ------------- ------------- -------------
  CH^--^      --38.455214   --38.449448   --38.462676   --38.456869
  H~2~        --1.172636    --1.162908    --1.173867    --1.164141
  CH~2~       --39.080072   --39.063308   --39.088071   --39.071263
  H^--^       --0.526562    --0.526562    --0.527139    --0.527139
  CH~3~^--^   --39.763245   --39.734900                  
  products    --39.627850   --39.612356   --39.636543   --39.621010
  reactants   --39.606634   --39.589871   --39.615210   --39.598403
  Δ*E* (eV)   --0.577       --0.612       --0.581       --0.615

The total energies of reactants and products are calculated from sum of separate species. Total energies are in hartree. See main text for further discussion.

We see from these results that all the different levels of calculations indicate this reaction to be clearly exothermic, with the best agreement with the existing NIST data,^[@ref23]^ which indicate an exothermicity of 0.611 eV, being provided by the CCSD(T) aug-cc-pVTZ results reported in both tables. The large differences in the EA values between the reacting anion H^--^ (0.74 eV) and the product of the electron transfer (ET) process CH^--^ (1.260 eV)^[@ref29]^ suggest strong reasons for the reaction's exothermicity. In terms of the most effective path of approach between reactants, to yield the products of [reaction [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, we found that the attack from the H^--^ anion along one of the CH~2~ bonds provides, as we will discuss more in detail below, the minimum energy path (MEP) to products, as shown by the simple geometry of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Reaction coordinates along the chosen path of minimum energy (see main text) and numbering of the atoms in the complex. The level of CCSD(T) calculation employed the -pVTZ basis set of [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.](jp0c02412_0001){#fig1}

The structural parameters of the individual molecular partners produced by our calculations are given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, where we also see that all calculated parameters are in good accord with their experimental counterparts reported in the last column of the same table.

###### Structural Parameters of the Relevant Partners[a](#t2fn1){ref-type="table-fn"}

  molecule   coordinate   CCSD(T)/aug-cc-pVTZ   CCSD(T)/aug-cc-pVQZ   Exp.^[@ref23]^
  ---------- ------------ --------------------- --------------------- ----------------
  CH^--^     *R*(C--H)    1.139                 1.137                 1.12
  H~2~       *R*(H--H)    0.743                 0.742                 0.741
  CH~2~      *R*(C--H)    1.079                 1.078                 1.075
             θ(H--C--H)   133.7                 133.7                 133.8

Distances in Å and angles in degrees.

Below, we further analyze in detail the energy dependence of a few, restricted configurations of the reaction partners in order to isolate what would be the most energetically efficient path to the present products. The results in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} describe the approach of the H^--^ (H4) anion to the H3--C bond, as shown by [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The calculations were carried out for every fixed H3--H4 distance, for which the C--H2, C--H3 distances and the H2--C--H3 angle are optimized with CCSD(T)-aug-cc-pVTZ calculations while the H4--H3--C fragment is kept linear. When the collinearity is not enforced, the optimization process switches the approaching H^--^ (H4) ion to the midpoint of the H2--H3 line.

![Computed, optimized total energy along the reaction path as a function of the approaching H^--^ partner. See main text for further details on the restricted path shown in this figure and on the level of CCSD(T) basis set employed.](jp0c02412_0009){#fig2}

The energy profile along the collinear approach indicates the exothermic behavior along that path, with a shallow local minimum in the region of the TS, followed by a very small local maximum before going into the products. The same level of calculations mentioned in the previous figures is employed here. An enlarged view is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} below. The relative energetics of the features in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} are given more specifically by the additional calculations in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}.

![Enlarged view of the reaction energetics near the TS formation. See main text for further details.](jp0c02412_0010){#fig3}

###### Computed Energetics and Geometries at the Points Along the Reaction Path Marked in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}[a](#t3fn1){ref-type="table-fn"}

                                     total energy (hartree)   Δ*E* (meV)          
  ----------- ---------------------- ------------------------ ------------- ----- -----
  reactants   CH~2~ + H^--^          --39.606634              --39.615210   699   701
  min-1       *R*(H4--H3) = 1.86 Å   --39.616486              --39.625083   431   432
  max         *R*(H4--H3) = 1.60 Å   --39.616341              --39.625020   435   434
  min-2       *R*(H4--H3) = 0.76 Å   --39.632332              --39.640962   0     0
  products    CH^--^ + H~2~          --39.627850              --39.636543   122   120

See main text for additional details.

The energy changes from the min1 to the max location is only of 4 meV, both configurations being well above the products at the min2 shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, and used as energy reference in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. As the relative distance between the approaching H^--^ anion (H4) decreases from the reactants down to the complex region, the minor energy change from min1 to the max geometries indicates the formation of TS structures before the ET process as the two H atoms form the neutral molecular hydrogen product. It is also interesting to note that both calculations at the MP2 and at the CI levels indicate a TS in the vicinity of the "max" geometry, while a fuller optimization without the linearity constraint of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} produces a TS configuration very close to the latter but with slightly different structural details. Its shape is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} while the final geometry optimization of the TS is given in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}.

![Detailed structure of the optimized TS configuration around the location of the "max" geometry in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. See main text for further details on the level of calculations employed here.](jp0c02412_0011){#fig4}

###### Detailed Geometric Parameters and Charge Localization for the TS Complex from the Full Optimization of the Complex Around the Location of the "Max" Point of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}[a](#t4fn1){ref-type="table-fn"}

                 MP2       CI        max
  -------------- --------- --------- ---------
  *R*(H2--C)     1.105     1.113     1.101
  *R*(C--H3)     1.230     1.300     1.142
  *R*(H4--H3)    1.275     1.175     1.600
  θ(H2--C--H3)   126.3     129.9     123.18
  *q*(H4)        --0.723   --0.453   --0.852
  *Q*(H2CH3)     --0.277   --0.547   --0.148

The geometric details of the latter are also given in the last column on the right.

The above features indicate that the full TS configuration involves now two of the atoms (H4--H3) closer to each other, a slightly greater value of the molecular angle in the CH~2~ component, and a marked elongation of the C--H3 bond, indicating the formation of the neutral H~2~ product while the ET step of the reaction is also taking place, as further discussed below. Another interesting display of the energy behavior during the present reaction is shown by the data in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. We report the global energy optimization of the C--H bond of the initial CH~2~ molecule as the latter is broken during the approach of the H^--^ anion to the molecular partner. One clearly sees that, until the approaching anionic atom reaches the geometry range describing the neutral H~2~ molecule, the energy curve is essentially flat. After that point, the energy remains at its minimum while the involved C--H bond is broken and the residual CH^--^ fragment moves away. This ET step will be further discussed later.

![Minimum energy calculations as a function of the approaching H^--^ anion to the molecular partner \[distance H4--H3, given as *R*(H--H) coordinate in the figure\] while the bond involved in CH~2~ (the C--H3 bond given as C--H in the figure) is broken to form the CH^--^ product. See main text for further discussion and for the type of basis set employed.](jp0c02412_0012){#fig5}

We now look at the behavior of the initial molecular angle during the reaction with the data in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. What we show there is the minimum energy values of the complex as the CH~2~ angle is varied while the H^--^ anion approaches the involved C--H bond (H4--H3 distance) in the molecule.

![Energy minima calculated for the same process of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, this time involving the variations of the H2--C--H3 angle in the initial reagent (θ(H--C--H) coordinate) as the H anion approaches the molecular partner (*R*(H--H) coordinate in the figure). As the products H~2~ + CH^--^ are formed, (jump seen on the right) the previous angle has no more meaning as it could take any value. See main text for further details.](jp0c02412_0013){#fig6}

The data show clearly that little change occurs when the approaching anion remains far away (left side of the figure). Only when the two reacting H···H atoms are around 2 Å from each other the angle starts becoming smaller as the relative H···H distance reaches the ET region and the residual CH^--^ product (the distance C--H2) rapidly turns away from the neutral H~2~ molecule by increasing the angle to 180°. Thus, the energy profiles of both [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"} indicate that the reactive mechanism occurs within a rather narrow range of relative geometries of the TS complex found by our calculations. To investigate where the actual ET step occurs, we report in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} the Mulliken charges as the reaction progresses along the H3--H4 path. What we see in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} is an initial ET mechanism around a relative distance of the H3--H4 bond whereby the excess negative charge is equally shared within the complex by the incoming H anion and the residual CH~2~ fragment. This is also visible from the data reported by [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} where the TS geometry indicates the nearly equal sharing of the "hopping" electron between the H4 approaching atom and the CH~2~ fragment (H2--C--H3 fragment). In contrast to this result, the geometry of the "max" configuration of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows a longer H4--H3 bond and the excess negative charge still largely on the approaching atomic anion (see again [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}) thus indicates that the ET step has not yet occurred. The data in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} show that at the shorter distance between the H3 and H4 atoms in the "min2" configuration of [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}, the excess electron has fully moved on to the CH~2~ fragment and has entirely left the approaching atomic anion. Thus, [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} suggest the ET process to occur after the TS formation and on the way down the exothermic profile. This therefore explains the presence of two nearby minima in the behavior of the collinear path.

![Variation of the excess negative charge location (Mulliken charges) along the reaction coordinate discussed in the earlier figures: the H4--H3 distance between reagents. The black line reports the charge variation on the H^--^ partner while the red line shows the same variation on the CH fragment. The initial partners on the left are the two reaction partners. More details in the main text.](jp0c02412_0014){#fig7}

The reaction described by the behavior of its IRC is reported by [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The IRC, for example, see: ref ([@ref30]), is an imaginary minimum energy trajectory, which passes through the TS and moves infinitely slowly. Its initial direction at the TS is given by the normal mode of imaginary frequency. In classical terms, such a trajectory satisfies the classical equations of motion, although at each step of the trajectory each component of the linear momentum *P*~j~, and therefore of the kinetic energy, is set to zero.^[@ref31]^ At the TS (a saddle point), where the intrinsic reaction coordinate is to start, the gradient of the energy value taken from the RPES is zero so that the initial direction of the IRC is then determined by the direction of the normal coordinate that has a negative eigenvalue at that saddle point.

![Total energy variation computed along the reaction's intrinsic reaction coordinate (IRC). This coordinate starts from the true TS. This TS connects reactants and products, where the left-hand asymptote corresponds to CH~2~ and H^--^ (the reactants), while the right-hand asymptote is CH^--^ and H~2~ (the products). The total energy values come here from the MP2 calculations (see the earlier discussion).](jp0c02412_0015){#fig8}

In [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, we see that the positioning of the TS around the (H3--H4) distance located at the "max" configuration (the one discussed before) shows the presence of a shallow maximum and a marked energy descent into the product region on the right side of the curve. This behavior confirms the exothermic, barrierless reaction structure along its MEP.

In the three panels of [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} we show possible reaction paths where the H^--^ anion approaches the CH~2~ partner from different directions, that is, from left to right: (i) on the plane along the bisector of the molecular angle; (ii) still on the plane but from the C-atom side; (iii) perpendicularly to the molecular plane. A comparison of the energy variations along these three paths, as the H^--^ anion approaches the molecule (with full optimization of its bonds and angle), is reported by the curves in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}.

![Three different, alternative paths of approach for the H^--^ partner into the CH~2~ reacting molecule. See main text for further details.](jp0c02412_0016){#fig9}

![Variation of the total energy of the complex as a function of the *R*(H3--H4) distance for the different approaches of [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. The numbering from 1 to 3 indicates the paths from left to right. At the jump location along path 1, the two other H atoms flip into the (b)-like structure of [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}.](jp0c02412_0002){#fig10}

The curves indicate that the reaction remains exothermic along all of them and that the energy variations start to be significant only when the relative distance between the two H atoms reaches the structure of the TS complex. The in-plane approach of path 1 also shows a shallow increase before the TS is reached. We have also optimized the angle variation as the H^--^ anion approaches the molecule and the data in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} show the small barrier of [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} to be due to the formation of a planar CH~3~^--^ where all three angles now become equal and of 120°. The change in the total energy indicates that no transfer of charge onto the CH~2~ partner occurs along this path.

![Calculations of the total energy of the complex as a function of the (H2--C--H3) angle as the H^--^ anion approaches the CH~2~ partner. See main text for further comments. The location of the energy jump along path-1 occurs as discussed for [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}.](jp0c02412_0003){#fig11}

![Restricted grid calculations for the RDRPES discussed in the main text. The potential energy curve shown by the front of the surface describes the neutral product H~2~ while the curve for the CH^--^ product is behind the upper asymptote.](jp0c02412_0004){#fig12}

We have further carried out a restricted grid calculation by mapping over the relevant space between the *R*(H3--H4) and *R*(H3--C) distances while optimizing at the same time both the θ(H2--C--H3) angle and the *R*(H2--C) distance.

Two different views of this reduced dimensionality reactive PES (RDRPES) are shown in [Figures [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} and [13](#fig13){ref-type="fig"}, where the two regions of product formation are clearly visible, both appearing along an exothermic path without barriers. We therefore suggest that one can use the MEP calculations from this surface as a guide to obtain reaction rates at the expected temperatures in the ISM. This will be discussed in the following section.

![Different view of the MEP configurations along the *R*(H--H) and the *R*(C--H) two-dimensional grid. The potential curve shown on the lower right of the surface corresponds to the formation of the CH^--^ product anion while the neutral H~2~ partner product is partly visible on the upper left of the figure. See main text for further discussion.](jp0c02412_0005){#fig13}

![Comparison of the MEP energies obtained around the region of the TS formation. The dots are from the CCSD(T) discussed earlier, and the red line reports the DFT-type of calculation employed for generating the reaction rates discussed in [Section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}.](jp0c02412_0006){#fig14}

3. Reaction Rate Coefficients {#sec3}
=============================

The behavior we have found for the present reaction is very similar to what we have shown in other reactions of astrophysical interest involving H^--^ and small neutral molecules in refs.^[@ref32],[@ref34]^ In those cases, we successfully calculated the rates using the VTST approach. Briefly, the special physical features of this reaction allow us to apply the VTST treatment for temperature-dependent rate constants of exothermic, barrierless reactions.^[@ref35]^ While the TST method searches for a stationary point along the reaction coordinate, the VTST can be applied more generally to reactions that do not have stationary points along their MEPs, although still have a physical point along the MEP where the reaction slows down. The "trajectories" (to use a classical analogy) that are crossing this point are the slowest of all the possible trajectories descending toward the products. Thus, the VTST rate coefficient is obtained by getting the energy minima of the molecular partition functions *Q*~s~ along the MEP over a very dense grid of all 3D coordinates, searching the MEP minimum energy in the full dimensionality of all of the reagents' degrees of freedom. The high density of points required needs to use steps of the order of 0.001 Å, followed by a frequency analysis at every point, while the TS theory (TST) calculates the rates from the *Q*~s~ of the molecular geometry at the barrier top (stationary point) of the reaction.

Any structure associated to a minimum of its partition function along the MEP exhibits no imaginary frequencies, this being so for those MEP with energies smaller than those of the reactants' entrance channels. Hence, the TS geometry of the VTST is not a stationary point. Thus, all the frequencies are positive even if the MEP has a negative curvature in that region, and all the coordinates along the MEP geometries, except for the reaction coordinate, are simultaneously optimized. On the other hand, the frequency calculations for the TST model require that each element of the second derivative matrix is obtained by fixing all the coordinates except those corresponding to the normal mode. In the standard TST applied to reactions with a barrier, the bottleneck of the "reaction trajectories" is always located exactly at the top of the barrier, where at least one of the frequencies is imaginary. Thus, a difference between VTST and TST treatments is that the former searches for the minima of the *Q*~s~ along the MEP structures and includes all the residual degrees of freedom in the optimization steps. It basically assumes the formation of a TS complex along the exothermic energy path from reactants to products, and it further controls the efficiency of product formation via the relative energies between the partition functions of that complex and those of the initial reagents.

This is a type of strong-coupling approximation, where the degrees of freedom within the evolving TS complex are strongly coupled with each other, but because of the low pressure conditions in the ISM environments, there is only a weak coupling with the very diluted, surrounding bath of the other molecules in the ambient. One should note that the collision frequencies with the bath molecules would be much larger than microseconds, while the intramolecular vibrational redistribution (IVR) time scale with the nonreacting degrees of freedom within the Ts would be of the order of 0.1 ps. This time needs to be compared with the time spent by the partners at the TS during the reaction: this may vary from about 150 fs at 300 K to about 350 fs at 10 K. Hence, depending on the temperature, the crossing of the MEP during the reaction will occur on a shorter timescale than that of the characteristic IVR rearrangements within the complex.

Thus, once the TS area is reached by the reagents along the MEP, the reactants are in microcanonical equilibrium with their nonreactive surroundings and also with the reactive coordinate and its kinetic and potential energy contents. Under room temperature conditions (i.e., at about 300 K), the TS reactive degree of freedom can then efficiently release its energy (gained during the exothermic process) to the relative kinetic energy of the products while avoiding the transfer of energy to the other nonreactive modes within the complex. Such an assumption could in fact break down when reaction temperatures become much lower than 300 K. This aspect will be discussed in the following.

As a preliminary test, we verify that the generation of several thousands of grid points for the global optimization of all degrees of freedom by the VTST approach can be realistically done by employing the DFT rather than the more costly CCSD(T) treatment. The comparison shown in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"} indicates that the location of the TS along the reaction MEP is similarly described by both methods: the two minima are quite near each other because C--H = 2.5 Å with CCSD(T) and C--H = 2.43 Å with B3LYP calculations. Furthermore, the geometry of the variational TS found by the DFT calculations remains essentially constant with *T* over the examined range of the present study: *R*(CH3) = 2.32 Å, *R*(H3--H4) = 0.766 Å, *R*(C--H2) = 1.143 Å, θ(H2--C--H3) = 177.269 Å. It, therefore, follows that the employment, for computational necessity, of the DFT method to study the present reaction by the VTST approach is going to provide realistic estimates of the required rate constants.

![Temperature dependence of the computed VTST rate constants over two different ranges. Top panel: Overall behavior from threshold up to 1000 K. The continuous red line shows the *T*-independent results from the Langevin model; bottom panel: rate behavior from 100 to 300 K. See main text for further discussion.](jp0c02412_0007){#fig15}

The partition function of the complex, *Q*~TS~^⧧^, is obtained as the product of the *Q*~s~ for the conserved-mode within that complex, *Q*~cons~^⧧^, times the *Q*~s~ of the translational mode

The VTST states that the activation energy is zero, and therefore the exponent of the Arrhenius equation is equal to unity. The pre-exponential factor of the rate coefficient then becomes the only part that needs evaluating to yield reaction rate coefficients *k*(*T*). The latter can now be obtained as the ratio between the relevant *Q*~s~ of the TS complex and those of all the reagents, as a function of the reaction temperaturesHere, *k*~B~ is the Boltzmann constant and *h* is the Planck's constant. We obtain at each *T* the TS geometries at the lowest possible energy along the MEP path (e.g., ref ([@ref35])). The extra energy acquired by the reactive degree of freedom, as the TS moves exothermically along the MEP toward the products, is efficiently transferred to the relative kinetic energy of the products. Hence, at each temperature, the reaction can proceed in a pseudo--canonical equilibrium within the complex. When the *T* goes below room values, the rate coefficient is linked to the behavior of the vibrational part of the *Q*~s~ for that TS geometry because all other degrees of freedom are now "frozen" to their lowest values in order to satisfy the minimum conditions of the VTST. As the reaction is studied to increasingly lower temperatures, however, the TS's *Q*~s~ relate directly to the ZPE values of the considered modes because *Q*~vib~ (at low *T*) can be written as: e^--*E*~ZPE~/*k*~B~*T*^. One should also note at this point that the dense grid of the reactive PES points generated to follow the minima of the partition functions along the IRC coordinate are searching for those minima by sampling fully all the coordinates of the TS geometries. This means that the energetically close-by linear structures of the CH~2~ partner are also automatically considered during the calculations and taken into account during the minimization process.

The rate coefficients at low-*T* are thus linked to changes of the *E*~ZPE~ values within the *Q*~s~.^[@ref32]−[@ref34]^ In the present reactions we have: so that we define Δ~ZPE~ as the energy difference between the ZPE of the reactants and that of the TS complex. It controls the slope of the *k*(*T*) at low temperatures where the Δ~ZPE~ is most important: a large difference causes a greater decrease of *k*(*T*) as *T* decreases. We computed the minima of the *Q*~TS~^⧧^ for the TS complex along the computed MEP from reactants to products and found that this minimum is practically coincident with the location of the pseudo-TS along the path already shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Thus, the reaction step for the ET is located just before the "downhill" path to products that bring the MEP to its absolute minimum.

As usual for reactions of astrochemical interest (e.g., see: ref ([@ref36])) we have fitted the calculated rate coefficients by using the well-known formula: *k*(*T*) = α(*T*/300 K)^β^e^--γ/*T*^. The parameters we have obtained are reported in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"} below. The data below room temperature have been further scaled according to the procedure explained and discussed in the following section, so that all the data in that table constitute our best estimate of all the rate constants over the whole range of examined temperatures.

###### Computed fitting Parameters for the Present Best Estimates of the Reaction Rates over the Three Range of Temperature Examined[a](#t5fn1){ref-type="table-fn"}

  --------- ----------------- ----------------- -----------------
  *T* (K)   30--100           100--300          300--1000
  α         1.53 × 10^--11^   1.36 × 10^--11^   8.87 × 10^--11^
  β         0.22              0.90              2.65
  γ         --7.05            --97.04           416.51
  --------- ----------------- ----------------- -----------------

The scaled rate coefficients with τ = 5 K has been used for the fitting of the VTST data in the 30--300 K temperature range, while the nonscaled rate coefficients are used for the fitting between 300 and 1000 K. See main text for further comments (*k*(*T*) = α(*T*/300 K)^β^e^--γ/*T*^). Here α is in cm^3^ s^-1^ and γ in K .

The two panels of [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"} report the temperature behavior of the rate coefficients over different ranges of temperatures. The top panel further shows the *T*-independent behavior of the Langevin's model. Its value is: 1.702 × 10^--9^ cm^3^ s^--1^ molecule^--1^. It is interesting to note at this point that the computed rate coefficients are invariably smaller than the Langevin rate, although our VTST computations show that, as the temperature approaches 1000 K, the computed values vary very slowly with *T* and approach the Langevin upper limiting value. The lower panel shows the behavior of the unscaled rate constants (see next subsection) below 300 K.

It is also worth pointing out here that the simple, one-dimensional capture model implied by the Langevin rate constant is really a high-*T* approximation that can be fulfilled when all encounters are fast enough to be able to lead to products irrespective of the details of the nonspherical interaction forces that are guiding the actual collisions. In other words, the physical details of the forces at play are less relevant as *T* increases above about 500 K, and therefore the Langevin limiting value, independent of *T*, is also reached by the computed rate constants, as shown by the upper panel of [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}.

The data in the bottom panel show that our computed rate coefficient at 300 K, that is, at room temperature, are of the order of about 4.0 × 10^--11^ cm^3^ s^--1^ molecule^--1^, indicating that this reaction is expected to be rather efficient when studied at room temperatures. It is interesting to note at this point that our earlier VTST calculations for a similar ionic reaction^[@ref34]^ involving NH~2~^--^ with H~2~ and presenting very similar behavior (e.g., markedly exothermic, only a small barrier below the reagents' energy level, nearly collinear TS between reactants) was found experimentally to have a similar value at 300 K, that is, around 3.0 × 10^--11^ cm^3^ s^--1^ molecule^--1[@ref37]^ and, most importantly, to be very accurately predicted by our VTST calculations,^[@ref34]^ with a value of about 3.1 × 10^--11^ cm^3^ s^--1^ molecule^--1^.^[@ref34]^ Additionally, we have also found that another reaction, that is, the H^--^ reaction with HCN, yielding CN^--^ and H~2~ in its exothermic channel, was measured in early experiments at 300 K to be of the order of 1.5 × 10^--10^ cm^3^ s^--1^ molecule^--1^.^[@ref37]^ This experimental value is once more in a very good agreement with our earlier calculations of its rate coefficient at room temperature: (2.0 × 10^--10^ cm^3^ s^--1^ molecule^--1^).^[@ref33]^ Thus, our earlier studies on similar, but different, systems found that the VTST treatment of the RPES dynamics was correctly reproducing the experimental reaction rate constants at temperatures around 300 K, while however failing to predict experimental rate constants, when existing, at the lower temperatures of more direct astrochemical interest.^[@ref34]^ It is therefore reasonable to expect a similar behavior in the present case, where, unfortunately no experiments are as yet available at any temperature. The corrective procedure that we suggest to employ for the present reaction will be discussed in the following subsection and will be following the scaling scheme already successfully employed in ref ([@ref34]) to obtain agreement with experiments for its reaction rate coefficients at temperatures well below 300 K.

4. Discussion {#sec4}
=============

The behavior of the present *k*(*T*) at low-*T*, given by the lower panel of [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}, shows that the large values of the Δ~ZPE~ mentioned earlier (between the geometry of the TS and that of the reagents) is the main reason why one sees the rapid dropping of *k*(*T*) as *T* decreases below 300 K. In our earlier study on an exothermic barrierless reaction,^[@ref34]^ we suggested to correct the VTST behavior at *T* \< 300 K by scaling the Δ~ZPE~ down to about 10 K using the room-temperature agreement with experiments as a metric for the correct rate constant at 300 K. If a similar behavior is being valid for the present system, we could rewrite the above quantity in a *T*-dependent formwhere τ is a fitting parameter, to which we give here, as an initial guess, the same value of 5.3 K used earlier^[@ref34]^ to give us there agreement with the experiments down to 10 K. We have also used for H~2~, CH^--,^ and CH~2~ the quantum formulation of their rotational partition functions as done in ref ([@ref34]).

As discussed in that work, the role of the extra parameter in [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} is essentially that of producing increasingly reduced values of the reaction's Δ~ZPE~ as the temperature decreases. One could say that the (τ/300 K) factor in [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} describes, in qualitative terms, a small portion of the reaction "trajectories" \[the larger portion being given, by (1 -- τ/300 K) = 0.98%\] which succeeds, as *T* decreases, to transfer the TS acquired excess energy to the relative kinetic energy of the products without heating the nonreactive modes when going below 300 K. This correction should then reduce the flux contributing to obtain the final VTST rate coefficients, only by a controlled amount that still keeps the required pseudo-canonical equilibrium of the VTST complex as the temperature goes down well below room temperature.

The reduced *T*-dependence of the scaled VTST rate constants, as the temperatures reach those of the ISM environments, is shown in [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}, where the scaled results from using [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} are presented for a range of parameters, close to the value already found to be realistic in our earlier study in ref ([@ref34]).

![Computed reaction rate coefficients with the scaling parameter defined by [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}. The upper panel shows also the Langevin value (red line) and the upper range of the unscaled results given in previous figure (dotted line). The lower panel presents the dependence of the *T*~eff~ values on the choice of the τ parameter as a function of the physical temperature *T*. See main text for further discussion. τ is in units of K.](jp0c02412_0008){#fig16}

The following considerations can be made:for exothermic reactions below room temperatures, we have argued earlier that the TS structure is not capable of keeping its thermal balance with the other degrees of freedom during the MEP crossing of the reaction region, where the usual formulation of the VTST fails.our scaling procedure suggests a way to reduce the flux contributing to the final VTST rate coefficients so that it holds the required pseudo-canonical equilibrium of the TS complex as the reaction goes increasingly below 300 K.we have already pointed out before that the VTST model is able to find good agreement with experiments at 300 K in other ion--molecule reactions involving H^--,^ as in the present case. Our scaling therefore fixes the rate constant at room temperature and employs a range of τ scaling values, which, in earlier choices, have provided good agreement with existing low-*T* experiments.^[@ref34]^

The data in the two panels of [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"} indicate clearly that how the scaled rate constants reach a set of values around 10^--11^ cm^3^ s^--1^ molecule^--1^, which is fairly close to the value found experimentally by the similar exothermic reaction of ref ([@ref34]) around 50 K;the scaled values of the rate coefficients now show a slow dependence on *T* in the range examined by [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}. This slow dependence is also in agreement with earlier results on similar systems: it indicates that the corrected TS behavior now follows more realistic trends, which are more in line with existing experiments on similar systems;to deepen the understanding of the role of the parameter τ, one could link it to an effective temperature for the TS in its path along the MEP. This temperature would be distinct from its true temperature whenever the reaction goes below 300 K: *T*~eff~ = 300 K × *T*/(τ + *T*).

We see that, for the temperatures below 300 K, the *T*~eff~ indicates that the reactive system partially heats the nonreactive modes because the TS complex now spends more time along the MEP. To compensate for this shortcoming, the *T*~eff~ value has to become larger than the actual physical temperature of the bath of reagent molecules, thereby accelerating the passage of the reacting partners along the MEP. As one moves closer to 300 K, the *T*~eff~ essentially matches the correct physical temperature of the reaction as the VTST model follows the MEP path and the process reaches a pseudo-canonical situation, its energy now equal to the Boltzmann's value at room temperatures.

To pictorially show what this temperature scaling means in terms of different τs within the range suggested by the previous scaling procedure, we show in the lower panel of [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"} the relationship between that parameter and the *T*~eff~ at the different physical temperatures. One can see that the values around 5 K introduce in the low-*T* range a much higher effective temperature for the partners crossing the MEP at the TS geometries. It shows that the VTST model can be corrected at temperatures below room temperature to achieve a more efficient equilibration of the *Q*~s~ of the TS complex during the minimization procedure.

5. Conclusions {#sec5}
==============

We have analyzed in the present study the structural features and the overall energetics for an ion--molecule reaction of possible interest in the chemistry of the ISM, specifically to models of the chemical networks considered to be in the atmosphere of Titan. This reaction is driven by the presence of H^--^ anions reacting with CH~2~ molecules to form another C-bearing molecular anion: the CH^--^ as the smallest term in the anionic polyenes discussed in those chemical networks.^[@ref21]^

The [reaction [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} is shown to be markedly exothermic, with only a shallow barrier to the formation of the TS complex along the MEP coordinate, and occurring within a nearly collinear path of approach of H^--^ to one of the CH~2~ bonds. That same path also reaches the ET step for the formation of the final CH^--^ anion. We have employed the VTST approach to obtain the reaction rate coefficients from *T* around 1000 K down to 300 K, and further down to the lower temperatures, which are present within the Titan's environment or in the inner regions of the dark molecular clouds. The VTST approach had already provided rate coefficients in good accord with the existing experiments with H^--^ at temperatures around 300 K and involving similar molecular partners (e.g., see: refs^[@ref32],[@ref34]^). Hence, we stipulate in the present study that the VTST rate obtained here at that temperature could be used as a metric to scale the reaction rate constants well below 300 K.

The scaling was carried out by selecting a parameter τ, which simulates below 300 K an effective higher temperature for the TS partition functions as the reaction complex is crossing the MEP region. This scaling correctly allows the TS complex to reach a pseudo-canonical equilibrium with the residual degrees of freedom in the reaction bath, thereby restoring the required VTST conditions of minimum energy for its partition functions along its way to products.

The final results indicate that the reaction becomes close to the Langevin upper limit when *T* is around 1000 K, it decreases below that limit when going down to room temperature, and further reaches rate coefficient values around 10^--11^ cm^3^ s^--1^ molecule^--1^ when the temperature descends to the 30 K region expected to be present in the astrochemical environments described in the [Introduction](#sec1){ref-type="other"}.

In conclusion, the possibility that the present reaction could play a role in the destruction of CH~2~ molecules via their interaction with H^--^ anions in the chemistry of Titan's atmosphere is seen from the present investigation to be a possibility worth including in larger kinetics models, a conclusion that should encourage new laboratory investigations of this reaction to obtain realistic experimental data for this process.
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